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ABSTRACT

In laser beam alignment in addition to detecting position, one must also determine the rotation of the beam. This is
essential when a commissioning new laser beam for National Ignition Facility located at the Lawrence Livermore
National Laboratory. When the beam is square, the positions of the corners with respect to one another provides an
estimate of the rotation of the beam. This work demonstrates corner detection in the presence or absence of a second
order non-uniform illumination caused by a spatial mask. The Hough transform coupled with illumination dependent
pre-processing is used to determine the corner points. We show examples from simulated and real NIF images.

Key word: Corner detection, line detection, Hough transform, Hough filtering, automated optical alignment, beam
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1. INTRODUCTION

The National Ignition Facility (NIF), currently under construction at the Lawrence Livermore National Laboratory, is a
stadium-sized facility containing a 192-beam, 1.8-megajoule, 500-terawatt, ultraviolet laser system for the study of
inertial confinement fusion and the physics of matter at extreme energy densities and pressures [1]. The alignment of
this high energy pulsed laser is a critical process requiring accurate measurement. An automatic alignment (AA) system
is designed and implemented to ensure successful delivery of high energy pulse in each of the 192 beams. During the
commissioning of new beam lines, the amount of beam rotation needs to be monitored and corrected. One such image
appears in the pre-amplifier module (PAM) as shown in Figure 1. In this beam the fiducials corresponding to the
reference and beams are located outside the area of the main beam. In this paper, we describe the algorithm for
determining the beam rotation from the locations of the four corners of the central beam.

Fig. 1: The PAM output beam showing six fiducials and the square main beam.



2. BACKGROUND

Hough transform (HT) is a technique for detecting features of a particular shape within an image [2,3]. In one
application of HT, it allows detection lines in an image. In practical implementation of Hough transform [3] each line is
represented by two parameters, namely 7 - ¢, which are the distance and the angle of the normal to the to-be-detected
line from the center of the co-ordinate system as shown in Fig. 2. With these parameters the equation of the straight line

Fig. 2: A typical line showing the parameters for Hough transform.



is given by

xcosgqg + ycosq =d 6))

Note that a line can be represented by a single 7 - g value. A point is treated as intersections of infinite number of
lines. By calculating the value of 7 for every possible g value for all these lines through a point, a sinusoid curve is
created in the 7 - q plane, also known as the Hough plane. The contributions from all such points are accumulated in
the Hough space. Two points lying on the same line must have a common 7 and ¢ values. Thus the two sinusoids

corresponding to these points belonging to a line intersect at a common (7;,Q,) in the parameter space. Thus any

straight line with a fixed (7;,(q, ) value will appear to have a high peak in the accumulated Hough space, which will be
proportional to the number of pixels belonging to the line. Detecting the peak in the Hough space, detects the straight
lines with the corresponding (7;,(; ) value. When lines representing edges of objects are to be found, usually an edge

detector is applied to reduce the amount of information and the background noise. Note that matched filtering based
technique will not be appropriate [4] here since the characteristics of each of the corners are different. It may need a
large number of templates to encompass all the variations.

3. ALGORITHM FOR A UNIFORMLY ILLUMINATED BEAM

A typical example of square beam used in the preamplifier module with internal and external fiducials is shown in
Figure 1. The beam is fairly uniform, without showing any significant variation of image intensity. An initial smoothing
followed by a sobel edge operator and a subsequent thresholding produces the image shown in Fig. 2.

The four edges of the main beam does not exhibit any significant deviation from straight line. Performing a Hough
transform of the edge image produces the image shown in Fig. 3. Using the reflection property of Hough transform
(HT), the right most side of the HT is folded onto the left side.

Fig. 3: The edge image detected from image of figure 1

The Hough space shows clearly the presence of six peaks corresponding to vertical lines at  of zero degree. The
horizontal lines correspond to 90 (1.57 radians) degrees show two distinct peaks. The locations of these peaks are
selected after applying a polynomial interpolation through the peak values. In order to reduce the ambiguity, the

expected locations of the lines are initially filtered using a band pass filter in the Hough domain. The angular (q )



bandwidth of the filter determines the maximum angular deviation of the straight lines from a pure vertical or horizontal
orientation that can be detected. In the algorithm, the center wavelength and the bandwidth of the filter is a changeable
parameter, which can be modified to detect a line deviated from perfect horizontal or vertical orientation.

Fig. 4: The Hough transform of the edge image shown in figure 2. (image enhanced for better viewing)

As shown in the Fig. 4 and Fig. 5, there are six vertical lines. Four of these lines are from the edges of the side wings of
the beam. The desired lines are those that correspond to the main square beam. The correct lines are chosen from the
Hough space using a criterion of line spacing between two consecutive lines. This line spacing test filters out the
unwanted vertical lines. Thus the algorithm selects inner two bright spots with the proper spacing. The algorithm has a
spacing threshold in addition to the expected spacing parameter. If the beam magnification changes and causes the two
lines to be wider apart then the algorithm will not be able to identify the two lines. This is desirable since it may flag an
unexpected change in the magnification or hardware, which may need to be investigated.
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Fig. 5: The Hough transform of the edge image shown in figure 2 inverted.

4. ALGORITHM FOR A BEAM WITH SECOND ORDER ILLUMINATION GRADIENT

When an attenuator mask is placed on the beam-path, it causes a change in the beam profile as shown in Figs. 6 and 7.
From Fig. 6, the beam shows darker region inside the beam and lighter near the edge. The average cross-section depicts
a parabolic intensity distribution in the horizontal direction. As a result, the darker region near the center approaches
values close to those of the background region near the edges. Consequently, when the beam is thresholded, the
horizontal edges become curved instead of a being straight as shown in Fig. 8. In the Hough space, no distinct lines are
detected exhibiting a strong peak, instead small line segments oriented in several different directions cause the peaks to
spread over a range. As such the algorithm fails to pick up any horizontal lines corresponding to highest peak.

It was found after some experimentation that a logarithmic filtering can enhance the edge straightness by enhancing the

contrast near the low intensity level. However, the same filtering for a uniform beam will result in losing the vertical

edges. In order to overcome this problem, we devised a way to estimate the beam nonuniformity. A horizontal line
N
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segment is generated [ (x):=@ I(x,,y;); j=L---,N for 1[I R )
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by column averaging the beam. The variation of the intensity along this segment measured by the variance is estimated
as an estimate of the nonuniformity of the beam. When the beam is nonuniform only then we apply the logarithmic
image enhancement.

In the absence of any nonlinear processing on the image, the binarization of the above image shows that the top and the
bottom edge is curved inwards as depicted in Fig. 8. A Hough transform of the edge image fails to determine the
horizontal lines, because there is none.



Fig. 6: The PAM image with second order intensity gradient
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Fig. 7: The average cross-section of PAM image showing second order intensity gradient

Fig. 8: The binarized PAM image with corresponding edge image



Fig. 9: The binarized PAM image after preprocessing with log filter

As mentioned earlier, a logarithmic processing after evaluating the image quality allows us to enhance the low contrast
region. As a result, thresholding produces a horizontal edge as shown in Fig. 9. The corresponding Hough transform
shows presence of distinct peaks as shown in Fig. 10. Note that the peaks appear at the center of the pass band in the
Hough space which are centered around 0 and 90 degrees. The numerical values of these peaks as generated by the
algorithm is shown in Fig. 11.

Fig. 10: The Hough transform of the processed image shows clear peaks



Nonuniform illumination in the image encountered...
Modifying preprocessing to counter this

The Hough Space

Angle Distance Strength
0.0126536 80.1111 592110.
0.0169384 549.176 583440.
0.0166944 498.240 469965.
0.00783360 130.252 448800.
1.57049 439.895 408510.
1.57100 80.1875 394485.
0.00166621 3.51231 337620.
Expected angles [ 0.00000, 1.57080 ] with angle tolerance
0.200000
KXXXXXX KKK KKK KK *Tegting selected lines for angular and
compliance. .....ooeeeeeeeeeen.
We have 7.00000 1lines to process
Number of lines found 4 after the spacing check..
Finding the intersections of 4 lines

Fig. 11: The Hough transform results from the algorithm

spacing

Note from the output that the algorithm detects five near 0 degree lines which have the highest peak values. The two
closest lines with the line spacing are selected after the spacing test. Similarly the two 90 degree lines are tested for

proper spacing. Thereafter the intersection of the four lines are calculated

5. TESTING WITH A ROTATED BEAM

Next we test the algorithm on a simulated image. Compared to the real beam, this image has a slightly bigger inner
beam width. The beam is rotated by -5.73 degree or — 0.1 radians. A typical algorithm output shows the image variation
to be negligible (sigma = 0.05) in the x-direction. Thus without additional pre-processing an edge detection followed by



Fig. 12: A simulated ISP image rotated by — 5.73 degree

a Hough transform is performed. As shown in the algorithm output Fig. 13, the peaks are detected at 1.47 radians
instead of 1.57 radians. Also, instead of 0 radians, we see — 0. 1 radians. The change in the angle is also evident in
the filtered

Now finding the lines with x spacing= 415 yspacing= 415

For a normal image with 100.000% image

Version number 1is 2.1 using image characterization based processing, updated
3/23/05

Maximum number of lines considered 12
Image Variation of the longest section 0.0525813
Uniform intensity beam encountered
Time for Hough transform 3.4398510
The Hough Space
Angle Distance Strength
1.47107 478.357 524400.
1.47121 63.4386 510800.
-0.100161 502.873 494400.
-0.100175 525.905 493200.
-0.100163 62.8726 492800.
-0.100183 86.9109 492000.
Expected angles [ 0.00000, 1.57080 ] with angle tolerance
0.300000
KXXXXXK KKK KKK K **Tegting selected lines for angular and spacing
compliance.......c.iiiiieennnn
We have 6.00000 1lines to process
found 4 lines with expected angles 0.00000
** Now checking these 4 lines for proper spacing of 415

found 2 lines with expected angles 1.57080



** Now checking these 2 lines for proper spacing of 415
Number of lines found 4

Finding the intersections of 4 lines
92.8251 54.4794 0.239400
506.724 13.1223 0.239400
134.322 467.306 0.239400
548.207 425.895 0.239400

Fig. 13: The output from the algorithm for rotated image in Fig. 12

Hough transform picture as shown in Fig. 14. Note that the peaks are shifted to the left of the center frequencies of 0
radians and 1.57 radians. One can compare Fig. 14 with Fig. 10, where the peaks are at the center of the pass band.
Again spacing test is used to select the correct lines.

Fig. 14: The Hough transform of the processed image shows clear peaks

6. CONCLUSIONS

In this paper, a method of detection of beam rotation necessary for commissioning new beam lines is presented. The
method is based on detecting corners of the square beam using Hough transform based processing. We show that in the
presence of uniform illumination, we apply the spacing tolerance to filter out the proper lines of interest. In the presence
of varying illumination, we apply additional processing to overcome the effect of nonuniform illumination the lines.
The algorithm is made adaptive by incorporating the image quality detection and consequent processing for that type of
image.
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